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The cover image shows the oldest known larva, Eolarva kuanchuanpuensis gen. et sp. nov., from the early Cambrian (~535 Ma) of South China. This organism lacks a mouth or any other type of feeding apparatus, thus is non-feeding or lecithotrophic. It possesses a distinct body plan and might represent a cnidarian-grade animal. There has been a century-long debate in evolutionary developmental biology about whether the ancestral metazoan was a larva or an adult. Two competing hypotheses have been proposed: the "terminal addition" theory, which assumes the primitiveness of larvae, and the "intercalation" theory, which assumes the primitiveness of adults. A consensus has not yet been reached, but the "terminal addition" theory appears to be widely accepted. However, in contrast to the majority of larvae among living metazoans, all currently known fossil invertebrate embryos such as Markuelia and Olivooides are direct developers. Consequently, Eolarva kuanchuanpuensis is the first fossil evidence indicating that indirect development is the primitive feature of metazoan development (see the article by Huaqiao Zhang and Xi-Ping Dong on page 1947). Abstract Serious fouling and slagging problems are associated with the combustion of Chinese Zhun-Dong coal due to its high content of sodium (Na). Understanding the release characteristic of Na during the combustion is essential to viable utilization of this coal. In this work, coal samples were treated with a sequence of solvents: water (H 2 O), ammonium acetate (NH 4 Ac), hydrochloric acid (HCl), and the release characteristics of various classes of Na during coal combustion were investigated using the technique of laser-induced breakdown spectroscopy. The relative contribution of various Na classes to the Na release during each combustion stage was found to be similar, in the order of H 2 O-soluble Na [ NH 4 Acsoluble Na [ HCl-soluble Na [ insoluble Na. Sodium released during the devolatilization stage can be attributed to each of the sodium classes. After the devolatilization stage, H 2 O-soluble Na and NH 4 Ac-soluble Na dominated the Na release during both char and ash stages. Over 64 % of the total Na released during combustion comes from the H 2 O-soluble Na, which suggests that the Na release during the combustion of Zhun-Dong coal can be reduced effectively after treatment by H 2 O washing.
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Introduction
Because of the abundant reserves, coal is still the main energy source for power generation in China [1] despite the numerous associated pollutants, e.g., sulfur dioxide (SO 2 ), nitrogen oxides (NO x ), and particulate matter (PM) [2] [3] [4] . Besides the combustible organic component, coal also contains several kinds of mineral matter including sodium (Na) compounds. During coal combustion, the released Na species are linked to the severe problems of fouling and corrosion of heat transfer surfaces in industrial boilers [5, 6] . Zhun-Dong coal, produced in the Xinjiang Uygur Autonomous Region of China, is a coal reserve of 390 billion tons and is expected to be one of the most widely used low-rank coals over the next several decades. However, due to its high Na content, serious fouling and slagging problems have been associated with its use in industrial power plants [7] . Understanding the release behavior of Na and designing strategies to limit Na release during the combustion process is essential to the practical utilization of Zhun-Dong coal. Sodium exists in two forms in coals. One is present in the inorganic compounds, i.e., inorganic sodium, and the other is bound to the organic structure of coal, i.e., organic sodium [8] [9] [10] . In practice, Na compounds in coals are classified using the chemical fractionation technique according to their solvation in a sequence of solvents, typically water (H 2 O), ammonium acetate (NH 4 Ac), and hydrochloric acid (HCl) [8, 11, 12] . The Na compounds leached out by H 2 O can be sodium salts, such as sodium chloride, sulfate and carbonate, or sodium acetate. The Na that is removed by NH 4 Ac is likely linked to organic groups. HCl can dissolve the Na associated with ionic sites of clays. Na that remains in the coal after the fractionation procedure is bound in highly stable compounds, such as sodium silicate.
The release of Na during coal combustion is a subject that has received much attention from various research groups in the last few decades [13] [14] [15] [16] [17] [18] [19] [20] . Although these studies improved the understanding of the Na release mechanism, the release characteristics of the various Na compounds were seldom discussed. Recently, Van Eyk et al. [10] studied the release behavior of water-bound and organic Na from brown coals by removing a fraction of the inherent moisture and concomitant dissolved salts using mechanical and thermal expression. However, Na release during the devolatilization stage could only be inferred by extrapolation of experimental data at the char and ash stages due to the limitation of their experimental method. Further investigation into the Na release during all stages of coal combustion is needed to understand the release mechanism of various Na compounds, with the overall goal of discovering strategies to prevent their release.
In this study, laser-induced breakdown spectroscopy (LIBS) was employed to measure the Na release during the combustion of Zhun-Dong coal. The benefits of the LIBS method over alternative methods have been mentioned in Ref. [21] . Detailed principles of this method can be found in previous publications [22] [23] [24] . Specifically, the release behavior of different classes of Na was studied systematically by washing coal samples using deionized H 2 O, NH 4 Ac, and HCl successively. Based on these experiments, a possible way for limiting the Na release during the combustion of Zhun-Dong coal was suggested.
Experimental methods

Sample treatment
The basic properties of the Zhun-Dong coal used in this study including the proximate and ultimate analyses and the ash composition are given in Table 1 . The standard ashing procedure was followed to prepare the sample for the ash composition analysis. In order to study the release behavior of different Na compounds, the coal sample was treated with the chemical fractionation technique as follows.
The first step of the fractionation process is the removal of water soluble Na by rinsing with water. Samples of pulverized Zhun-Dong coal weighing 1 g were added to a beaker containing 100 mL deionized water at room temperature (298 K) and thoroughly stirred. Washing was performed for 2, 5, 30, or 60 min, resulting in four sample subsets. The reason for choosing such four washing time conditions is that 2 min is the shortest washing time including the filtering procedure and the other three durations are set for studying the effects of different washing times. According to the measured sodium release curves as shown in the next chapter, 5-min washing was found to be long enough for removing the related sodium. Thus, 30-and 60-min washing was carried out to verify this conclusion. After washing for the specified time, the suspension was filtered. In order to guarantee that the related sodium has been removed, samples that were used in subsequent fractionation steps were taken from the 30-min washing subset in the last step. After water washing, the coal sample was treated by 100 mL NH 4 Ac solution (1 mol/L) and 100 mL HCl solution (1 mol/L) in turn in a similar way with the first step.
The residual coal sample after filtration in each step was then air-dried in an oven at 323 K at least for 12 h before use. The resulting solutions were analyzed with inductively coupled plasma-atomic emission spectrometry (ICP-AES) to determine the contents of different classes of sodium in the raw coal. With repeating the measurements three times in each step, the uncertainty of the decided contents of different sodium classes was estimated to be lower than 10 %.
The coal samples to be used for combustion were compressed into spherical coal pellets weighing 50 mg with a diameter of 4 mm. During each combustion measurement, the coal pellet was carried into the methane/air flame and suspended on two ceramic rods (d = 1 mm) at the height of 10 mm above the burner plate center. For each sample set, three individual tests were carried out to account for the variation among pellets.
Laminar premixed burner
The burner used to burn the coal pellet in this study is called heat flux burner, which is specially designed for providing a flat, approximately one-dimensional, and almost stretchless adiabatic flame by adjusting the gas feeding velocity to be matched with the adiabatic laminar flame speed. The detailed structure and the principle of the heat flux burner can be found in Ref. [25] . In this work, the burner was operated with a premixed methane/air flame at the equivalence ratio of 0.8. The flow rates of methane and air are 0.59 SL/min and 7.06 SL/min, respectively. Simulation of the burner flame using the burner-stabilized module in CHEMKIN 3.7 with the GRI mechanism 3.0 (available from: http://www.me.berkeley. edu/gri_mech/) predicted a temperature at the pellet height of *1892 K with the main gas composition of the following: 3.9 % O 2 , 7.6 % CO 2 , 15.4 % H 2 O, and 72.8 % N 2 . The coal pellet burned upon reaction with excess O 2 from the methane/air flame.
LIBS measurement setup
The LIBS system used to measure the release of Na during coal combustion is shown in Fig. 1. An Nd:YAG laser (Model RPO-250, Spectra Physics) was used operating at the fundamental wavelength of 1064 nm (repetition rate of 10 Hz and pulse duration of 10 ns). The energy of the laser pulse was 300 mJ, and the diameter of the laser beam was about 10 mm. The laser was focused by a quartz lens (f = 200 mm) into the gas plume above the burning coal pellet, producing a consistent laser-induced plasma. The measurement point was set at a height of 10 mm above the coal pellet. As the main aim of this study is to qualitatively compare the release characteristic of different Na classes by removing each Na class in turn, the Na release profile versus combustion time at the same point was measured for each coal sample and discussed in the following section.
The LIBS signal was collected by a quartz lens with a focal length of 60 mm and diameter of 50 mm and focused into an optical fiber. The fiber then transferred the signal to the input slit of a spectrometer (Ocean Optics, USB4000). The spectrometer featured a 600-groove/mm grating, and the generated spectrum was recorded on a 3648 pixel CCD array. The spectrometer was synchronized to the laser with a pulse generator (Stanford Research System, DG535). In this experiment, the optimized delay time and exposure time were determined to be 2 ls and 4 ms, respectively. This delay time reduced signal contribution from the continuum emission early in the plasma lifetime, while the shortened exposure time restricted signal from flame emission.
LIBS Calibration
In order to achieve the quantitative measurement of Na, a calibration of the LIBS system was performed. The method used here is similar to the calibration method described in Ref. [21] . A sodium chloride (NaCl) fog was entrained into a CH 4 /air flow (7.65 SL/min) and then transported to a flame. The flame conditions were the same as those used for the later analysis of the coal pellets. The average seeding rate of NaCl solution was calculated to be 0.69 g/min based on the mass loss in the NaCl solution before and after seeding. By assuming a uniform distribution of Na in the calibration flame, the relationship between LIBS signal and Na concentration can be obtained. For the present setup, the linear relation between the LIBS signal and the Na concentration is
where I LIBS,Na is the LIBS signal and C Na is the seeding concentration of Na in the calibration flame. In this study, the error of the LIBS method comes mainly from the laser energy fluctuation short to short, the readout noise of the spectrometer, and the error of the calibration result. Based on the three measurements during the combustion of each coal sample, the uncertainty of the LIBS results was estimated to be less than 7 %.
Pellet temperature measurement
The surface temperature profile of the burning pellet during the combustion of raw coal was measured using the twocolor pyrometry technique [26, 27] and is plotted in Fig. 2 . The two wavelengths used are 650 and 700 nm, respectively, which were chosen to avoid the radiation from species (e.g., sodium) and make a good response in the CCD detector in view of sensitivity and signal-to-noise ratio. In this experimental condition, the coal pellet is heated by both the methane/air flame and the heat release from coal combustion. As shown in Fig. 2 , the maximum pellet temperature was *100 K higher than the gas flame temperature due to the heat release from the burning char particle. At around 500 s, the char combustion stage finished. So the heating effect from the burning coal pellet disappeared, which resulted in that the pellet temperature decreased quickly to the level of the gas flame temperature. As discussed by van Eyk et al. [27] , sodium release during coal combustion has strong temperature dependence. The pellet temperature profile given here will be useful for the development of the sodium release model in the future studies.
Results and discussion
Sodium release after H 2 O-soluble Na removal
Water washing of the coal samples removed amounts of H 2 O-soluble sodium compounds from the sample and affected the release of sodium during coal combustion thereby. Figure 3a gives the Na release curve from burning Zhun-Dong coal pellets after water washing. The experimental data points are the average of ten laser pulses, and each curve is the average of three individual measurements. An inset shows the signal during the initial 600 s of combustion to display the devolatilization and char stages more clearly. The three stages of coal combustion, i.e., devolatilization, char combustion, and ash stage, can be identified by morphological changes during combustion [10, 28] . Moreover, the sodium release profile shows variations which coincide with the visually distinguished combustion stages, as noted in the author's previous work [21] . This is illustrated using the release profile of the raw coal sample in Fig. 3a , wherein the three combustion stages have been identified according to changes in the sodium signal. From Fig. 3a , it was found that the Na signal was significantly reduced during the whole combustion process after the removal of H 2 O-soluble Na. From combustion of raw coal, the maximum Na concentrations at the devolatilization and char stages were 2.2 and 9.2 mg/m 3 , respectively. When the coal was washed with water for 2 min, the peak concentrations of Na decreased to 1.2 and 3.8 mg/m 3 at these two stages. With the washing time increased to 5 min, the Na signal was further suppressed, while washing for 30 and 60 min did not yield appreciable decrease in Na signal beyond the 5-min washing. In these conditions, the maximum concentrations of Na released at the devolatilization and char stages decreased by 63.6 % to 0.8 mg/m 3 and by 68.5 % to 2.9 mg/m 3 , respectively. The release time corresponding to the maximum concentration of Na at the char stage is observed to be delayed after the treatment of coal by deionized water. Before water washing, the Na release peaked at *390 s during the char stage; after removal of H 2 O-soluble Na, the corresponding peak Na signal occurred at *450 s. The peak Na signal during the char stage was believed to correspond to the instant of complete char burnout [27] . As discussed by Quyn et al. [29] , Na compounds existing in coal can have a catalytic effect on the char reactivity. When the H 2 O-soluble Na was removed, the catalytic effect of sodium was suppressed. Hence, the char reactivity was reduced with a corresponding delay of the end of the char combustion stage. By integrating the release curve over the three stages, the Na release for each stage can be compared qualitatively, as shown in Fig. 3b . All three stages show a reduction in Na release as a result of water washing. Comparing the integrated signal for raw coal sample with the water-washed samples, levels decreased by *73.6 %, *64.5 %, and *70.0 % for the devolatilization, char combustion, and ash stages, respectively. The substantial decrease in Na signal attributable to the removal of H 2 Osoluble Na compounds in the coal promotes the use of water washing as a means of reducing Na release, thereby reducing Na-related damage to combustion devices.
Sodium release after NH 4 Ac-soluble Na removal
The coal sample, from which the H 2 O-soluble Na was removed by water washing for 30 min, was further treated by 1 mol/L NH 4 Ac solution and then used for combustion. The measured Na release curves from coal samples after NH 4 Ac washing are given in Fig. 4a . The result of the coal sample washed only in H 2 O for 30 min is included in Fig. 4a labeled ''NH 4 Ac washing 0 min'' for comparison. After the NH 4 Ac-soluble Na was removed, the Na release during the whole combustion process was further suppressed. Before and after the removal of NH 4 Ac-soluble Na, the maximum Na concentration at the devolatilization stage dropped from 0.8 to 0.3 mg/m 3 and the peak value at the char combustion stage decreased from 2.9 to 0.2 mg/m 3 . Moreover, the release time corresponding to the maximum concentration of Na at the char stage was delayed from *450 to *580 s, which suggests that the catalytic effect of sodium on the char reactivity was further weakened by the removal of NH 4 Ac-soluble Na. Figure 4b gives the integration of the Na release curve for each combustion stage after NH 4 Ac washing. When compared to the coal sample that is H 2 O-washed only, subsequent removal of NH 4 Ac-soluble Na netted a decrease in the integrated Na signal of *50.1 % and *89.9 % during the devolatilization and char stages, respectively. Moreover, no measurable level of Na was observed during the ash stage after H 2 O-soluble and NH 4 Ac-soluble Na were removed from the coal samples.
3.3 Sodium release after HCl-soluble Na removal Following the removal of both H 2 O-soluble and NH 4 Acsoluble Na, the coal sample was treated with 1 mol/L HCl solution. Similarly, the Na release curves from burning coal pellets after HCl washing are shown in Fig. 5a . Figure 5b shows the integration results at the devolatilization and char stages. The result of integration for the ash stage was not included as there was no obvious Na release observed during this stage. As can be seen, after the HClsoluble Na was removed, the Na release during the coal combustion was further inhibited. The maximum Na concentration at the devolatilization stage decreased from *0.26 to *0.09 mg/m 3 . Correspondingly, this resulted in a decrease of *76.5 % in the integration results during the devolatilization stage. For the char combustion stage, the Na release showed a slow decay process and the peak that is normally associated with the end of char combustion is now gone.
Contributions of various Na classes to the total Na release
On the basis of the integration differences of Na release curves over each combustion stage for raw coal and the stepwise processed samples: removal of H 2 O-soluble Na, (22): 1927-1934 1931 subsequent removal of NH 4 Ac-soluble Na, and final removal of HCl-soluble Na, the contribution of various classes of Na to the Na release during Zhun-Dong coal combustion was estimated. Figure 6 gives the percentages of various Na classes relative to the Na release from raw coal combustion at each stage. It is clear from this figure that over 64 % of the total Na released is from H 2 Osoluble Na compounds at each of the three stages. This observation suggests that Na release during the combustion of Zhun-Dong coal can be prevented effectively by simply washing the coal with water. The contribution of various Na compound classes to the total measured Na is similar at each stage, in the order of H 2 O-soluble Na [ NH 4 Ac-soluble Na [ HCl-soluble Na [ insoluble Na. By analyzing the filtrate in each washing step as described in Sect. 2.1 with ICP-AES, the contents of different Na classes existing in the raw coal are decided to be: 60 % H 2 O-soluble, 16 % NH 4 Ac-soluble, 4 % HCl-soluble, and 20 % insoluble. The order of the content in the raw coal is consistent with that of the contribution to the Na release during raw coal combustion for each class of Na except the insoluble one.
The insoluble Na compounds that remained in the coal after washing with H 2 O, NH 4 Ac, and HCl do not contribute in a large degree to the Na release during combustion and tend to be the compositions of the ash, which is also the conclusion of other authors [11, 30] . For Na release during the devolatilization stage, van Eyk et al. [10] concluded that only H 2 O-soluble sodium was released and there was negligible release of organic Na based on the study of Na release during the combustion of Australian Loy Yang coal. In the present work, it was found (Fig. 6 ) that in addition to H 2 O-soluble Na, the other Na compounds such as NH 4 Ac-soluble Na, HCl-soluble Na, and insoluble Na were also released during the devolatilization stage of Zhun-Dong coal combustion. Reasons for the conflicting observations between the experiments in Ref. [10] and this work are suggested as being related to the specific coal studied and differences in the combustion environments.
During the combustion of coal, after volatile release, the remaining H 2 O-soluble Na reacts with the char structure to form species which are expected to have the same form as initial organic-linked sodium, i.e., the NH 4 Ac-soluble Na [31] . Consider as an example the conversion of H 2 O-soluble NaCl by the following transformation mechanism [31] :
After the devolatilization stage, both the converted H 2 Osoluble Na and NH 4 Ac-soluble Na will follow the same release process during the following stages. As a result of the low concentration of HCl-soluble Na in the Zhun-Dong coal studied and the chemical stability of insoluble Na compounds such as silicates, there is negligible release of these two Na compound classes at the char and ash stages. This fact resulted in the observation that the H 2 O-soluble Na and NH 4 Ac-soluble Na dominated the Na release at both char combustion and ash stages. 
Conclusions
In this study, the release of Na during combustion of ZhunDong coal was measured using the LIBS technique. Quantitative results were obtained by calibrating the LIBS signal to known concentrations of seeded NaCl solution. By sequentially washing the coal sample with H 2 O, NH 4 Ac, and HCl, the release behavior of various Na compound classes was investigated and a possible way for reducing the Na release during coal combustion was suggested. The main results are summarized as follows:
(1) After the removal of various Na compound classes by washing coal samples sequentially with H 2 O, NH 4 Ac, and HCl, the Na release during coal combustion was reduced significantly. (2) For samples of Zhun-Dong coal studied, the contribution of various Na compounds to the total Na release was similar at each stage, in the order of H 2 Osoluble Na [ NH 4 Ac-soluble Na [ HCl-soluble Na [ insoluble Na. (3) Each class of Na, i.e., H 2 O-soluble Na, NH 4 Acsoluble Na, HCl-soluble Na, and insoluble Na, contributed to the Na release during the devolatilization stage. H 2 O-soluble Na and NH 4 Ac-soluble Na dominated the Na release during the following char and ash stages. (4) Over 64 % of the total Na released comes from H 2 Osoluble Na for all three stages, which suggests that Na release during the combustion of Zhun-Dong coal can be reduced effectively by simply washing the coal with water.
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